Abstract: An integral variable structure control (IVSC) approach for robot manipulators is presented to achieve accurate servo-tracking in the presence of load variations, parameter variations and nonlinear dynamic interactions. A procedure is proposed for choosing the control function so that it guarantees the existence of the sliding mode and for determining the coefficients of the switching plane and the integral control gain such that the IVSC approach has the desired properties. Furthermore, a modified proper continuous function is introduced to overcome the chattering problem. The proposed IVSC approach has been simulated for the first three links of a PUMA 560 robot arm as an illustration. The simulation results demonstrate the potential of the proposed scheme.
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Introduction
Most industrial robots are composed of multilinks. Such a robot arm is a highly nonlinear system with complicated coupled dynamics and uncertainty (various loads, inertia, gravitational forces etc.). With regard to such a complicated system, various controllers have been developed, such as adaptive controllers [l-31, robust controllers [46] and controllers based on the theory of variable structure [7-lo] .
The integral variable structure control (IVSC) approach previously proposed in Reference 11 considered the single-input single-output (SISO) system and has been successfully applied to electrohydraulic servo control systems. The IVSC approach comprises an integral controller for achieving a zero steady-state error under step input and a variable structure controller (VSC) for enhancing the robustness. With this special scheme, two control loops are obtained, and it yields improved performance when compared to conventional VSC and linear approaches [ll] . This paper extends previous results to the multi-input multi-output (MIMO) case, with an application to robot manipulators. The control of the first three links of a PUMA 560 robot arm has been simulated for illustrating the design procedure and demonstrating the robustness property. 
where ui is the ith component of the n-dimensional switching plane U = 0 and is chosen as (44
where
Design of such a system involves (a) the choice the functions U + and U -to guarantee the existence of a sliding mode (b) the determination of the switching function U and the integral control gain K , , such that the system has the desired eigenvalues (e) the elimination of chattering of the control input.
Control function
From eqns. 2 and 4, one has 
The function AU is used to eliminate the influence due to the plant parameter variations in A M , AB, AD and A W so as to guarantee the existence of a sliding mode. It is constructed as follows:
where For a mechanical system such as a robot arm, each diagonal component of M -' M o is larger than the absolute value of the sum of other components in the same row [lo]. Thus, the following equation is obtained:
where AI = [Aiij] (i = 1, ..., n, j = 1, _.., n) and each entry Aiij < 1.
The condition for the existence of a sliding motion on the ith switch plane is [12-141
Substituting eqn. 6 into eqn. 5 yields
(94
and the conditions for satisfying the inequality eqn. 8 are
Note that g, in eqn. 9b is dependent not only on parameter variations, load variation and coupling effects but also on the control parameters c j , K j , AT^ ( j = 1, ..., n).
Since the plant parameter variations Adij, Abij, Awi
. ., n) are bounded and the term Ai, (i = 1, . . ., n, j = 1, . . ., n) 4 1 as described in eqn. 7, one { cp; >suplg,l i f u i < O cp = C c p , c p 2
can guarantee the existence of the gain qi such that the inequality eqn. 1 I C is held.
Determination of switching plane and integral control gain
While in the sliding motion, the system described by eqn. 2 can be reduced to the following linear equations [12-141 :
Since C and K, are diagonal matrices, the MIMO system can be decomposed into n sets of SISO systems, as follows:
[ Since these characteristic equations are independent of the plant parameters, the IVSC approach is robust to the plant parameter variations. It can achieve a zero steadystate error, and its eigenvalues can be set arbitrarily. Let the desired eigenvalues of the systems be Ali, 1 2 4 = 1, . . . , n), or the equivalent desired characteristic equations where di is chosen as a function of 1 Bi -as
where 6,, and 62i are positive constants.
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The PUMA 560 robot arm has six links and six rotational joints. However, for simplicity, it is assumed that the wrist joints are not active. The mathematical model of the first three links of the PUMA 560 robot is given by The U function is obtained from eqn. 4 as
Control of first three links of P U M
In the sliding motion, the system described by eqn. 21
can be reduced to the following simple linear form:
Since C and K, are diagonal matrices, the MIMO system and U = [ c , u~
The simulation results of the dynamic responses are plotted in Figs. 2-6 . To examine the robustness property
can be decomposed into three SISO systems, as follows: 
Conclusions
An IVSC design methodology for MIMO system is presented and applied to the control of the first three links of a PUMA 560 robot arm. It has been shown that the IVSC approach is robust to the plant parameter variations. It can achieve a zero steady-state error for step input and is possible for arbitrary eigenvalue assignment. The control of the three links of a PUMA 560 robot arm is considered for demonstrating the design procedure and the potential of the IVSC approach. Simulations show that the proposed approach can give an almost accurate servo-tracking response in the face of large plant param- 
